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ABSTRACT 

Calcium influx into adrenal glomerulosa cells is a key event during 
the stimulation of aldosterone secretion by physiological increases in 
extracellular potassium concentrations. Two types of voltage-oper- 
ated calcium channels, T- and L-f : pes, are present on bovine glo- 
merulosa cells, but their respective iunctions are not yet clearly de- 
j fined. Using the patch-clamp method in the perforated patch 
configuration combined with microfluorometry of cytosolic calcium, 
i we demonstrate that L-type channels are exclusively responsible ; >r 
I the sustained elevation of cytosolic calcium observed upon stimula- 
tion v ith extracellular potassium, even at low, physiological cone en- 
j trat-.ens of this agonist. In contrast, aldosterone secretion appears 



closely related to T-type channel activity. Moreover, when the activity 
of each channel type is selectively modulated by pharmacological 
agents, such as dmydropyridines or zonisamide, the cytosolic calcium 
response can be clearly dissociated from the steroidogenic response. 
Similarly, modulation of T channel activation by protein kinase C 
results in a parallel inhibition of aldosterone secretion, without any 
effect on the levels of cytosolic free calcium. Thii direct functional linjt 
between T-type calcium channel activity and steroidogenesis suggests 
a model in which calcium entering the cell through these channels 
bypasses the cytosol to activate intramitochondrial steps of aldoste- 
rone biosynthesis. (Endocrinology 137: 4817-4826, 1996) 



THE STIMULATION of aldosterone synthesis in adrenal 
glomerulosa cells by angiotensin II (Angll) or potas- 
sium ion is maintained through a sustained influx of Ca 2+ 
into the cell (1-3). Although a crucial role for Ca 2+ entry has 
been recognized for many years (4), the nature of the path- 
ways allowing extracellular Ca 2+ to reach its intracellular 
I tar v* sites, such as the mitochondria, where the cation can 
control key steps of steroidogenesis, was only recently 
determined. 

A biphasic response of the cytosolic free Ca 2+ concentra- 
tion (|Ca 2+ J c ) can be clearly observed upon Angll stimula- 
tion; indeed, a first Ca 2+ release phase from intracellular 
stores triggered by the formation of inositol 1,4,5-trisphos- 
phate (5-7) is followed by a sustained Ca 2+ influx. This 
second entry phase is mainly attributable to the activation of 
a cipacitative influx resulting from the depletion of intra- 
cel ular Ca 2+ stores (8, 9); however, a component of this 
influx is also due to voltage-operated Ca 2+ channels acti- . 
vated during Angll-induced cell depolarization. 

In contrast, extracellular K + does not affect intracellular 
Ca + pools and, therefore, appears to exclusively activate 
voltage-operated Ca 2+ channels as a consequence of its de- 
polarizing action. However, both L- and T-type Ca 2+ chan- 
nels are expressed in bovine glomerulosa cells (10, 11), and 
which channel is involved in the activation of glomerulosa 
«I by KC1 is still a matter of debate. Whereas the slow 
kinetics of L-type channel inactivation obviously favor a role 
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of these channels during long lasting stimulations of steroi- 
dogenesis by K + , the lower threshold of activation of T-type 
channels has been proposed to provide the cell with an 
exquisite sensitivity to low, physiological concentrations of 
extracellular K + . Moreover, the existence of a window of 
voltage, which is compatible with the membrane potential 
values reached during stimulation with physiological con- 
centrations of extracellular K + and in which a statistical 
proportion of T-type channels can be maintained open (12, 
13), supports the hypothesis of a role for the latter channels 
in cell activation. 

Early pharmacological studies aiming at discriminating 
between T- and L-type channel function largely contributed 
to the present confusion, because of the low specificity and 
high concentrations of the agents used and the poor control 
of the action of these channel blockers on specific current 
amplitudes (2, 14). Additional problems could also originate 
* from the fact that steroidogenesis and [Ca 2+ ] c were not al- 
ways systematically measured under the same conditions, 
and both parameters were generally considered a priori as 
inextricably related. 

Recently, Barrett et al (15) used the spider toxin o>-agatoxin 
IIIA to specifically and completely block L-type Ca 2+ chan- 
nels in bovine glomerulosa cells. Under these conditions, the 
steroidogenic response to physiological concentrations of K + 
(7 him) remained unaffected, suggesting that aldosterone 
secretion is primarily stimulated by Ca 2+ entry through T- 
type Ca 2+ channels. Moreover, upon activation with a much 
higher concentration of K + (60 m\f), which is believed to 
efficiently open L-type channels, aldosterone production was 
even enhanced by o>-Aga IIIA and inhibited by the L-type 
channel activator BayK 8644, an observation that has also 
been reported in rat cells (16). A negative modulation of 
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steroidogenesis by Ca 2+ when entering the cell through L- 
type channels was, therefore, proposed (15). 

In the present study, we examined the effects of various 
pharmacological agents, such as dihydropyridines and zoni- 
samide, on both T- and L-type channel activities as well as 
on [Ca 2+ ] c and aldosterone production to determine which 
parameters are functionally linked upon stimulation with 
extracellular K + . We found that whereas L-type channels are 
mostly responsible for the variations in [Ca 2+ ] c , T-type, but 
not L-type, channel activity is closely correlated with aldo- 
sterone biosynthesis. 

Materials and Methods 

Percoll was obtained from Pharmacia (Piscataway, NJ), and Cell-Tak 
from Inotech (Dottikon, Switzerland). Amphotericin B, nystatin, tetro- 
dotoxin, sodium ATP, sodium GTP, ionomycin, EGTA, and nifedipine 
were purchased from Sigma (St. Louis, MO), and pluronic acid, fluo-3, 
and fura-2 acetoxymethyl esters were obtained from Molecular Probes 
(Eugene, OR). Phorboi 12-myristate l^acetate (PMA) was purchased 
from LC laboratories (Woburn, MA), and calciseptine was purchased 
from Latoxan (Rosans, France). BayK 8644 was kindly donated by Bayer 
(Leverkusen, Germany), and zonisamide was a generous gift from Dr. 
S. Kurooka, Dainippon Pharmaceutical Co. (Osaka, Japan), 

Adrenal glomerulosa cell isolation and culture 

Bovine adrenal glands were obtained from a local slaughterhouse, 
and glomerulosa cells were prepared by enzymatic dispersion, purified 
on a Percoll density gradient, and maintained in culture for 2-4 days, 
as described in detail previously (11). The relatively small size of glo- 
merulosa cells compared to that of fasciculata cells, the presence of lipid 
droplets, as well as the responsiveness to Angll confirmed that more 
than 95% of the cell population was composed of glomerulosa cells. 



Patch-clamp measurements 

The activity of voltage-operated Ca 2+ channels in bovine adrenal 
glomerulosa cells was recorded under voltage clamp either in the whole 
cell configuration of the patch clamp technique, as previously described 
(13), or in combination with [Ca 2 *] c measurement with the fluorescent 
dye fluo-3 in the perforated patch configuration (17). In the latter case, 
the bath solution contained 117 mM tetraethylammonium chloride, 20 
mM CaCl 2 , OS mM MgQ 2 , 5 mM D-glucose, 32 mM sucrose, and 200 nM 
tetrodotoxin and was buffered to pH 7.5 with 10 mM HEPES-CsOH. The 
patch pipette (3-6 MOhm; Clark 150T, Reading, UK) contained 130 mM 
CsO, 5 mM Mgd 2 , and 1 mM CaCl 2 , and the pH was buffered to 7.2 with 
20 mM HEPES-CsOH. The pipette solution also contained 02 mg/ml 
nystatin (17) or 0.24 mg/ ml amphotericin B (18), but the tip of the pipette 
was filled with ionophore-free solution to allow formation of the seal. 
The access resistance was reduced to 10-30 MOhm in less than 15 min, 
and the process was slightly faster with amphotericin B than with nys- 
tatin. The reference electrode was placed in a KG solution linked to the 
bath with an Agar bridge; the resulting liquid junction potential was 
smaller than 2 m V and has been neglected. The cell was voltage clamped 
(Axopatch ID, Axon Instruments, Foster City, CA) at a holding potential 
of -90 mV and depolarized as indicated. The currents were filtered at 
1-2 kHz and sampled at 6.2 kHz. Leak was subtracted either digitally 
afethe experiment or automatically by a P/4 protocol (pclamp 6, Axon 

[Ca 2+ ] c measurements 

was determined either 'vith fura-2 in populations of cells 
freshly isolated and purified on a Percoll density gradient, as previously 
described in detail (13), or in single voltage-clamped cells loaded with 
the probe fluo-3 in combination with the patch-damp technique in the 
perforated patch configuration. For this purpose, bovine glomerulosa 
cells were plated on small glass coverslips coated with Cell-Tak and 
cultured for 2-4 days. The cells were then incubated for 45 min at 37 C 
in the presence of 8 mm fluo-3 acetoxymethyl ester and 6.25% (wt/ vol) 



pluronic acid, washed in bath solution, and immediately mounted • ~ 
home-made patch-clamp recording chamber maintained in the d ^ 
Fluo-3 fluorescence (excitation at 470 nm and emission at 540 nml ^ 
monitored on a Zeiss Axiovert 10 inverted microscope (Zeiss, New Y * 
NY) equipped with a Bio-Rad CRS-400 microfluorimeter (BioS 
Glattbrugg, Switzerland). The fluorescent signal was sampled at 2u 
and recorded using the CRS400 software (Bio-Rad). ^ 

Determination of aldosterone formation 

Measurement of aldosterone production from freshly prepared 
cultured glomerulosa cells was performed as described previously (r\ 
Glomerulosa cells, when cultured for 3 days, were incubated at 37 C h 
multiwell plates containing a modified Krebs-Ringer medium and vaj. 
ious concentrations of potassium and pharmacological inhibitors of 
Ca 2+ channels. At the end of the incubation period, the aldosterone 
content of the medium was determined by direct RIA, using a com- 
mercially available kit (Diagnostic Systems Laboratories, Webster, TX). 

Statistical analysis 

When appropriate, statistical significance of differences was deter- 
mined by paired Student's t test and corrected according to Bonferroni's 
method. A difference was considered statistically significant at a cor- 
rected P < 0.05. 



Results 

Contribution ofT- and L-type Ca 2 + channels to the 
depolarization-evoked cytosolic Ca 2 * signal 

To determine the role of T-type Ca 2+ channels in the sus- 
tained [Ca 2+ ] c response to cell depolarization induced in 
bovine adrenal glomerulosa cells during stimulation by ex- 
tracellular K + or Angll, Ca 2+ currents and [Ca 2+ ] c variations 
were recorded in the same cell by combining the patch-clamp 
technique, in its perforated patch configuration, and the mi- 
crofluorimetry of fluo-3. Cell depolarization to 0 mV, from a 
holding potential of - 100 mV, induced a marked increase in 
[Ca 2+ ] a which rapidly returned to basal values upon cell 
repolarization, demonstrating the ability of the Ca 2+ pumps 
to maintain a low [Ca 2+ ] c in the absence of stimulation (Fig. 
1A). When the cell was gradually depolarized in a stepwise 
manner, no response was observed below -60 mV; [Ca 2+ J< 
then rapidly rose to reach a maximum at -30 mV and slightly 
decreased at more positive potentials (Fig. 1, A and D). Once 
again, [Ca 2+ ] c returned to basal levels immediately after ceD 
repolarization, and a novel response could be evoked by a 
large depolarization to 0 mV. The steady state current 
through T-type channels was also deterrnined in the same 
cell, as described previously (13), by measuring slowly de- 
activating Ca 2+ currents evoked upon repolarization at -65 
mV (not shown). Analysis of tail currents allowed us to 
establish the activation and inactivation curves of T channels . 
(Fig. 1C); the expected relative steady state current through 
these channels was calculated from Ohm's law and com- 
pared to the depolarization-evoked [Ca 2+ ] c response (Fig- 
ID). A clear dissociation was observed between the sustained 
Ca 2+ influx expected to occur through T channels (I^-st) 
the measured [Ca 2+ ] c response (fluo-3 signal). Because this 
dissociation appeared much more pronounced at more po* 
itive voltages, a large participation of L-type channels to Ca 
influx was hypothesized. 

To reduce as much as possible the contribution of WlTP* 
channels, the cell was then exposed to highly specific inni^ 
itors of L-type channels. As shown in Fig. IB, the addition <* 
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FiC. 1. Minor role of T-type calcium channels in depolarization-evoked cytosolic calcium response. A, Voltage-dependent cytosolic Ca + signal. 
A single fluo-3-loaded bovine adrenal glomerulosa cell was voltage clamped in the nystatin perforated patch configuration of the patch-clamp 
technique, as described in detail in Materials and Methods. Cytosolic Ca i+ -dependent fluorescence was recorded at a holding potential of - 100 
mV and upon various step depolarizations (the voltage protocol is indicated on the top of the trace). After 12 min of recording, nifedipine (1 
*iM) and calciseptine (0.35 /iM) were added together to the medium, the protocol was repeated, and 2 ftM ionomycin was introduced at the end 
of the experiment to induce a maximal Ca 2+ response. B, Selectivity of nifedipine and calciseptine for L-type channels. T- and L-type Ca 
currents were evoked in the same cell as in A by ramp depolarization from - 1 10 to + 40 mV (duration, 1.8 sec), before the fluorescence recording 
(Control), and immediately after addition of Nif and CaS to the bath (during the gap of the time scale in A). Currents are expressed as a function 
of the voltage value reached during the ramp protocol (33). C, Activation and inactivation curves of T-type channels. Voltage-dependent 
activation (O) and inactivation (•) of slowly deactivating currents were measured in this same cell at the beginning of the experiment as described 
pr -iously (13). Current amplitudes were plotted as a function of test voltage, fitted to Boltzman's equation, and normalized to the maximal 
current (!<>). Vv* values (the voltage corresponding to half the maximal effect) were -24.7 and -48.1 mV for activation and inactivation, 
respectively, in this particular cell. D, Comparison of steady state current through T channels and membrane potential-dependent [Ca ]<. 
concentration. The theoretical steady state current (1^-*) was calculated from the activation and inactivation curves according to Ohm's equation 
as previously described (13) and expressed as a percentage of the maximal current as a function of voltage (smooth curve). The fluo-3 signal 
observed during the first gradual stepwise depolarization (A) was averaged for each potential value and normalized (■). Similar results were 
obtained in each of five separate cells in which currents were recorded in combination with fluo-3 signal. 



1 /im nifedipine and 0.35 /jlm calciseptine specifically de- 
creased L current evoked by a ramp depolarization, but did 
not affect the lower threshold, transiently activated, T-type 
cu rent Surprisingly, the disappearance of L current was 
accompanied by complete abolition of the [Ca 2+ ] c response 
to cell depolarization, although a large entry of Ca , in- 
duced by the Ca 2+ ionophore ionomycin, was still detectable 
with fluo-3 (Fig. 1A). 

These results, therefore, suggested that T channels play 
°riy a minor role in the elevation of [Ca 2+ ] c observed upon 
glomerulosa cell depolarization. This hypothesis was rein- 
forced by the observation of a significant correlation of the 
maximal [Ca 2+ ] c increase elicited during a slow ramp depo- 
kr . ation (duration, 2 min), under various pharmacological 
conditions (Fig. 2B), with the maximal amplitude of L cur- 



rents, but not with that of T currents, induced by a similar, 
but faster, depolarization (duration, 1.8 sec; Fig. 2A). Indeed, 
the amplitudes of T- and L-type currents could be indepen- 
dently manipulated in the same cell by adding consecutively 
to the bath: 1) 200 nM BayK 8644, an agonist of L-type chan- 
nels; 2) 500 nM nifedipine, an antagonist of L-type channels; 
3) 0.1 mM Ni 2+ , an inorganic blocker of T-type channels; and 
finally, 4) 2 /am nifedipine. In the presence of BayK 8644 
alone, L current was predominant in this cell, and the max- 
imal current amplitude was slightly shifted toward more 
negative potentials, partially overlapping T-type current 
(Fig. 2A-I). Analysis of the fluo-3 signal in response to cell 
depolarization (Fig. 2, B-I and C-I) showed that [Ca 2+ ] c was 
maximal between -45 and -15 mV and decreased thereaf- 
ter. The addition of 500 nM Nif did not completely block 
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Fig. 2. Correlation between L-type calcium channel activity and depolarization-evoked cytosolic calcium response. Calcium currents (A) and 
fluo-3 signals (B) in response to a ramp depolarization were consecutively recorded in a single voltage-clamped glomerulosa cell maintained 
in the amphotericin B perforated patch configuration and in the presence of various pharmacological modulators of T- and L-type channels. 
Phase I, BayK (200 nM); phase II, BayK plus nifedipine (500 nM); phase III, BayK, Nif, and Ni 2+ (0.1 mM); phase IV, BayK, Ni 2 *, and Nif (2.5 
ItM). Calcium currents (A) were evoked at the beginning and end of each phase by cell depolarization from -1 10 to +40 mV (duration, 1.8 sec) 
and were averaged and expressed as a function of the instantaneous voltage, as described in Fig. IB. The maximal amplitudes of T- and L-type 
currents were estimated to occur at -45 mV and approximately -30 mV, respectively. Calcium responses were recorded during the 2-min 
depolarization protocol indicated at the top of the traces (B), and ionomyrin (2 jiM) followed by EGTA (50 mM) were added at the end of the 
experiment to determine, respectively, the maximal and minimal signals of fluo-3. C, Fluo-3 signal during each phase was smoothed by averaging 
every 25 consecutive data points (the sampling rate during data acquisition was 2 Hz, corresponding to a point every 0.54 mV), and the results 
were expressed as a function of the mean voltage of the averaging domain. D, Correlation between L-type current and [Ca 2 *]^ The maxima) 
T- and L-type currents estimated in A were compared to the maximal fluo-3 signal determined in C, and the correlation was assessed by least 
square linear regression analysis. 



L-type channels, presumably because of the continuous pres- 
ence of BayK, but reduced the maximal amplitude of L cur- 
rent by approximately 50% without significantly affecting 
that of T-type current (Fig. 2A-II). Concomitantly, fluo-3 sig- 
nal amplitude was reduced by about half, without any ap- 
parent shift in its maximum (Fig. 2, B-II and C-II). In contrast, 
Ni 2+ almost completely abolished T-type current (Fig. 2A- 
III), without modifying either L current or [Ca 2+ ] c (Fig. 2, 
B-III and C-III). Finally, complete inhibition of L-type chan- 
nels with an excess of Nif resulted in complete inhibition of 
the [Ca 2+ ] c response to cell depolarization (Fig. 2, A-IV, B-IV, 
and C-IV), although the addition of a Ca 2+ ionophore (iono- 
mycin) and a Ca 2+ chelator (EGTA) resulted in the expected 
variations in [Ca 2 *]^ When the maximal Ca 2+ current am- 
plitudes through each channel were compared to the max- 
imal [Ca 2+ ] c responses (Fig. 2D), a significant correlation was 
observed only with L-type currents, suggesting that the ac- 



tivation of L-type channels is principally responsible for the 
voltage-dependent variations of [Ca 2+ ] c . 

To demonstrate that L-type channels are involved in the 
[Ca 2+ ] c response to even low, physiological concentrations of 
extracellular potassium, fura-2-loaded cells in suspension 
were exposed to various pharmacological agents before be- 
ing gradually depolarized by consecutive additions of KQ to 
the medium. Figure 3A shows that 100 nM BayK 8644, which 
by itself had only a minor effect on basal [Ca 2 **"!^ markedly 
potentiated the response to KC1 addition. When the mean 
[Ca 2+ ] c increase was determined and expressed as a function 
of the actual K + concentration in the medium (Fig. 3B), BayK 
8644 (100 nM) appeared to considerably increase and Nif (50 
nM) to reduce the [Ca 2+ ] c response at each KQ concentration 
tested, without shifting the maximum. To determine whether 
T-type channels could be primarily responsible for the 
[Ca 2+ ] c response to low K + concentrations, whereas L-type 
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Fig. 3. Involvement of L-type channels in the cytosolic calcium response to physiological concentrations of potassium. A, Effect of BayK on the 
ICa 2 *^ response to extracellular K + . Freshly prepared glomerulosa cells were loaded with fura-2, as described in Materials and Methods, and 
exposed to increasing concentrations of extracellular K + (basal K + , 3 mM; arrows indicate the time and numbers the millimolar increases in 
K^). One batch of cells was previously exposed (black arrow) to 100 nM BayK, whereas the control cells received dimethylsulfoxide only (C). 
Both groups were exposed to 2 jiM nicardipine at the end of the experiment. The dotted line represents basal [Ca 2 *!^ B, Modulation of the 
K + -dependent [Ca 2 *^ signal by BayK and nifedipine. The same protocol as that described in A was performed with cells exposed to 50 nM 
nifedipine, 100 nM BayK, or dimethylsulfoxide, and the mean increase in [Ca 2 *^ over basal was expressed as a function of the K + concentration. 
C and D, Efficacy of various Ca 2+ channel modulators as a function of the extracellular K + concentration. At each extracellular K + concentration 
of the protocol described in A, the ratio between the [Ca 2 *^ response measured in the presence and the absence of 100 nM BayK, 50 nM Nif, 
1 mM zonisamide (ZNS), or 700 nM calciseptine (CaS) was calculated. Results are the mean ± SEM from four to six experiments performed in 
duplicate. 



channels would be only involved at higher, supraphysiologi- 
cal K + concentrations, the sensitivity of the response to di- ■ 
hydropyridines was analyzed as a function of the KCI con- 
centration. For this purpose, the ratio of the response after 
treatment with each dihydropyridine over the response in 
control untreated cells was calculated (Fig. 3C). The cells did 
not appear to be less sensitive at lower K + concentrations, as 
would be the case if Ca 2+ influx occurred through T-type 
channels under these conditions. Similarly, when L-type 
hannels were specifically inhibited with 700 nM calciseptine 
(Fig. 3D), the [Ca 2+ ] c response was inhibited in the same 
proportion over the complete range of KCI concentrations 
tested. This demonstrates that the K + -induced Ca 2+ signal is 
mediated by a single, pharmacologically homogeneous class 
of channel, highly sensitive to dihydropyridines and calci- 
septine. In contrast, treatment of the cells with 1 mM zoni- 
samide, an antiepileptic agent with a low selectivity for T- 
type channels (19), had almost no effect on the [Ca 2+ ] c 
response (Fig- 3D). 



It, therefore, appears that the cytosolic Ca 2+ response to 
. extracellular K* measured in bovine adrenal glomerulosa 
cells with fluorescent probes is principally, if not entirely, 
due to activation of dihydropyridine-sensitive L-type Ca* + 
channels even at lower K + concentrations when the cells are 
only slightly depolarized. In contrast, the modulation of Ca 2 * 
influx through T-type channels is not detectable in the cy- 
tosol (see Discussion). 

Lack of correlation between cytosolic calcium and 
aldosterone secretion 

The relationship between the levels of [Ca 2+ ] c maintained 
by K + and the activation of aldosterone secretion by the same 
agonist was investigated by modulating Ca 2+ channel ac- 
tivity with nifedipine, BayK 8644, or zonisamide (Fig. 4). 
Increasing concentrations of Nif, between 1 nM and 3 (Fig. 
4, left panels), markedly and monotonously reduced [Ca 2+ ] c 
stimulated by 12 mM K + , even below resting levels, indicat- 
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(6o/tom panels) was measured in the medium, as described in Materials and f^^^^min ^^^^^^^ £ 
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ing the presence of a small basal Ca 2+ influx sensitive to 
dihydropyridines, as previously described in these cells (8). 
The effect of Nif on aldosterone secretion followed a different 
pattern. While concentrations of Nif above 100 nM efficiently 
inhibited K + -induced steroidogenesis, aldosterone outpu^ 
was significantly potentiated by the presence of the Ca + 
antagonist at concentrations between 1-30 nM. Basal aldo- 
sterone production was not affected by Nif. ^ + 

As expected, the agonist BayK 8644 potentiated the [Ca + ] c 
response to 12 mM K + , increasing the signal by approxi- 
mately 110% at the maximal concentration; however, the 
same agent markedly reduced, in a concentration-dependent 
manner, aldosterone secretion sustained by high (12 mM) 
without affecting basal steroidogenesis (Fig. 4, middle panels). 

Finally, zonisamide (right panels), the slightly selective in- 
hibitor of T-type channels, only minimally affected K + -in- 
duced [Ca 2+ ] c compared to Nif or BayK 8644, but markedly 
decreased both stimulated and basal aldosterone secretion. 

By using various pharmacological agents acting selec- 
tively on T- or L-type channels, it was, therefore, possible to 
illustrate the dissociation existing between the levels of bulk 



[Ca 2+ ] c , as measured with classical fluorescent probes, and 
aldosterone synthesis upon stimulation with high K 
concentrations. 

Correlation between T-type channel activity and potassium- 
stimulated aldosterone production 

To determine the specificity of the Ca 2+ channel-modu- 
lating agents employed in this study, it was necessary to 
examine the effects of various concentrations of these agents 
on T- and L-type channels. The upper panels of Fig. 5 show the 
pattern of Ba 2+ currents recorded in the whole cell config- 
uration of the patch-clamp technique and elicited by a grad- 
ual depolarization of the cells, as described in Figs. IB and 
2A. The size of the inward current with the lower threshold, 
peaking at about -30 mV, was systematically compared to 
the amplitude of the slowly deactivating current induced in 
the same cell (not shown), measured as described in detail 
previously (13). Both methods for isolating and measuring 
T-type channel activity were closely correlated (r = 0.928; n 88 
48; P < 0.001), demonstrating that the voltage ramp prgtocoi 
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Fig 5 Selectivity of nifedipine, BayK 8644, and zonisamide for T- and L-type calcium channels. T- and L-type Ba 2+ currente were partially 
Solved^^^ 

£the effect of 200 nM Nif 100 nM BayK 8644, and 1 mM ZNS on Ba 2+ currents is presented m the upper panels (C, control trace, recorded before 

ru^ 

the^alue of the specific peak current, measured after drug addition, as a percentage of the control current (lower panels). Data are the mean 
results obtained from 5-14 independent cells. 

TABLE 1. Correlation between potassium-induced aldosterone secretion and T channel activity 



Activity (% of control) 



Drug 



Aldosterone 



T Channel 



L Channel 



Cytosolic Ca ; 



2* 



Nif (100 nM) 
NicUO nM) 
BayK (100 nM) 
ZNS (100 /im) 
TET (10 jam) 



69.5 ± 13.4 (9) 
124.6 ± 13.5(13) 
71.3 ± 7.3 (9) 
87.3 ± 4.2(10) 
58.8 ± 5.1 (11) 



93.2 ± 7.5 (7) 

131.4 ± 23.2 (5) 

115.5 ± 11.3(10) 
75.9 ± 3.8 (14) 
51.9 ± 9.0 (13) 



33.3 ± 7.8 (5) 
58.9 ± 13.2 (5) 
219.1 ± 33.3 (7) 
79.2 ± 7.9 (7) 
ND 



21.5 ± 5.4 (8) 
26.8 ± 5.5 (5) 
224.6 ± 43.9 (7) 
101.5 ±8.5 (7) 
ND 



Aldosterone secretion from freshly prepared or cultured glomerulo^a cells stimulated with 12 mM K + w^^termned ^^^^ 
cells and in cells exposed to drugs at a concentration (100 nM nifedipine, 10 nM nicardipine, 100 nM BayK 8644, 100 /iM zomsamio^o r iu aim 
ri^^ for L- or T-type channels. The effect of each drug on aldosterone production, expressed as a percentege ± 

SE^ofuie^^^^ the effect of the same drug concentration on T and L channel activity, assessed as described m Fig. 

f and L1c? + T^ square linear regression analysis revealed a positive correlation between aldosterone secrefcon 

ak^^ and between [Ca^ anT^ype channel activity (r = 0*7). » ""d^™ b *"" n ^ 

other groups. The values in parentheses indicate the number of independent determinations. ND, Not determined. 



allows discrimination between T- and L-type currents. The 
ratio between L« and T-type currents under control condi- 
tions varied greatly from one cell to the other [see, for ex- 
ample, the control (C) traces in the upper panels of Fig. 5], and 
the effects of the drugs were, therefore, expressed as the 
amplitude of each current as a percentage of the correspond- 
ing control current measured before treatment (Fig. 5, lower 
panels). 

Nifedipine inhibited both currents, but T-type channels 
were affected by approximately 100 times higher concentra- 
tions of the drug, showing that it is possible to substantially 
reduce L-type channel activity without markedly affecting 



T-type channels at concentrations of Nif ranging from 100- 
1000 nM. 

The effect of BayK 8644 on T- and L-type channels was 
even more contrasted, as this compound, at concentrations 
above 10 nM, considerably increased L-type current by up to 
170%, whereas the current flowing through T-type channels 
was not significantly affected. 

Finally, zonisamide was slightly more efficient in inhib- 
iting T-type current compared to L-type current, although 
millimolar concentrations of this agent also markedly af- 
fected the latter. 

The actions of these drugs on T- and L-type channel ac- 
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tivity as well as on [Ca 2+ ] c were then compared to their 
abilities to prevent aldosterone secretion upon stimulation 
with 12 mM K + (Table 1). Tetrandrine, an alkaloid relatively 
selective for T-type channels (11), and nicardipine, a dihy- 
dropyridine efficiently blocking both T- and L-type channels 
when used at micromolar concentrations (8), were also in- 
cluded in this comparison. The effect of each drug on po- 
tassium-induced steroidogenesis, when employed at a con- 
centration providing an optimal selectivity for one type of 
Ca 2+ channel, appeared to correlate much better with their 
actions on T channel (r = 0.69) than on L channel activity (r = 
-0.37). In contrast, [Ca 2+ ]. measured in the presence of the 
same drugs was more closely related to L-type currents (r = 
0.97) than to T-type currents (r = 0.03), suggesting distinct 
cellular functions for these channels. 

Phorbol ester inhibits Ca 2+ influx through T-type channels 
cls well as steroidogenesis without affecting [Ca 2+ ] c 
concentration 

An additional illustration of the discrepancy between 
{Ca 2+ k on the one hand, and aldosterone synthesis and T 
channel activity, on the other hand, is provided by the action 



of the phorbol ester, PMA. Through the direct activation of 
protein kinase C (PKC), PMA mimics some of the effects of 
AngH, among which is an inhibition of T-type channel ao 
tivity (13). This inhibition is attributable to a significant shift 
(P < 0.01) in the activation curve of the channel by appro x . 
imately 7 mV (at half-activation) toward more positive volt, 
age values (Fig. 6A). In contrast, the inactivation of the chan- 
nel is not affected by this treatment. As a consequence, the 
size of the permissive window of voltage is reduced, result- 
ing in a substantial decrease in the expected steady state 
current through these channels (Fig. 6B). The reduction of 
Ca 2+ influx resulting from T channel inhibition by PMA was 
not reflected by the levels of [Ca 2+ ]c as shown in Fig. 6C In 
this experiment, fura-2-loaded cells were first stimulated 
with 9 mM KC1 to maximally activate T- and L-type channels, 
and when the [Ca 2+ ] c response had reached a plateau, 500 nM 
PMA was added. No effect of PMA was observed, suggesting 
that this compound does not significantly affect L-type chan- 
nels. However, upon stimulation with Angll, after a transient 
Ca 2+ release phase mediated by inositol 1,4,5-trisphosphate, 
a marked reduction of (Ca 2+ ] c was induced, as previously 
described (13), possibly because L-type channels are con- 
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Fig. 6. Inhibition by PMA of T-type channel activity and potassium-stimulated aldosterone secretion, but not of the [Ca J*™**™*./^^ 
effect on the T channel activation curve. Glomerulosa cells were voltage clamped in the wholecell configuration and Ba currents were eua^ 
as described in Fig. 1C, either before (Control) or 3 min after the addition of 500 nM PMA. Tail currents of T ^^"^fJ^fS 
cell separately, data were fitted to Boltzman's equation and normalized to I, (maximal current) before being averaged. ActivaUon (■ ax>^ 
and inactivat£n (• and O) curves were established, as described in Fig. 1, before <U and •) and afte, <D and O) exposure 
SEM; n = 4 cells). The mean Vl/2 for channel inactivation -vas -51.4 mV before and -50.1 mV after PMA a PP h ^f ^.^^Xdy 
activation was shifted from -30.2 to -23.6 mV by the same treatment B, Inhibition of the steady state current by PMAJTh 0 fPMA on 
state current was calculated from Ohm's function, as described in Fig. ID, before and after the addition of PMA. ^^^fj/J^bed 
[Ca'U- Fura-2-loaded cells were consecutively exposed to 9 mM KCI, 500 nM PMA, and 10 nM Angll, and [Ca* ]« was monitored as 
in Materials and Methods. The trace is representative of at least 10 independent observations from various cell preparations toat gave s. ^ 
results. D, Effect of PMA on calcium-induced aldosterone secretion. Aldosterone secretion was stimulated in the presence or absence oi i 
PMA, either in intact cultured glomerulosa cells challenged with 12 mM K + (left ordinate) or in freshly prepared, wnomycm (1 MMVtreaieu 
(right ordinate) by increasing their [Ca 2 *],, from 50 (low Ca) to 600 nM (high Ca). 
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trolled by Angll through a completely distinct mechanism, 
for example involving G proteins. 



Despite the lack of effect of PMA on [Ca 2+ ] c , KCI-stimu- 
lated aldosterone secretion was strongly inhibited (46%) by 
this agent (Fig. 6D), whereas basal aldosterone (at 3 mM K + ) 
was not affected. This inhibition did not appear to result from 
a direct action of PKC on the steroidogenic pathway, but, 
rather, from a reduction of Ca 2+ influx into the cell, because 
•vhen Ca 2+ channels were bypassed with a Ca 2+ ionophore 
iich as ionomyrin, the stimulation of steroidogenesis in- 
duced by increasing extracellular Ca 2+ was insensitive to 
PMA (Fig. 6D). 



Discussion 

This study has allowed us to demonstrate that KCl-in- 
duced variations in [Ca 2+ ] c and aldosterone secretion in bo- 
vine adrenal glomerulosa cells can be dissociated with phar- 
macological agents possessing some specificity for T-type or 
. type Ca 2+ channels. Indeed, whereas [Ca 2+ ] c appeared to 
essentially reflect L-type channel activity, the steroidogenic 
response was closely related to T-type channels. 

A sustained influx of Ca 2 * through T-typachannels upon 
physiological depolarization of the cell by extracellular K + is 
theoretically possible because of the overlap of the activation 
and steady state inactivation curves of the channel (12, 13). 
However, because of the low percentage (<1%) of T channels 
statistically open during a prolonged stimulation with K + , 
I his current is expected to be very small. A raw estimation of 
he amplitude of this current by noise analysis revealed a 
sustained, nifedipine-resistant (500 nM) and Ni 2+ -sensitive 
current of approximately 0.1 pA at -40 mV (data not shown). 
This very low amplitude of the steady state current through 
T-type channels certainly explains the lack of contribution of 
these channels to the cytosolic response, which is mainly 
maintained by the strong (at least 100-fold larger) Ca 2+ cur- 
rent through L-type channels, but strikingly contrasts with its 
crucial role in the regulation of steroidogenesis. 

One possible explanation for this paradox is the existence 
n a very efficient coupling between T-type channels and the 
Ca target sites involved in the regulation of aldosterone * 
formation. It is now well recognized that the mitochondria 
play a crucial role in this regulation (3), not only because 
these organelles contain the steroidogenic enzymes respon- 
sible for the early, rate-limiting, and late steps of aldosterone 
synthesis, but also because it has been shown that the stim- 
Jlatory action of Ca 2+ requires its entry into the mitochon- 
drial matrix through the ruthenium red-sensitive uniporter 
20). A dose apposition of the mitochondria and of T-type 
hannels or the existence of a sort of Ca 2+ pipeline, possibly 
nvolving the endoplasmic reticulum and transporting Ca 2+ 
rom the mouth of the channel to the proximity of the mi- 
3chondrion with a very restricted passage of Ca 2+ through 
ie cytosol, could provide a functional link between Ca 2+ 
tflux through T-type channels and the activation of 
eroidogenesis. 

In favor of this model is the observation that in some 
ssues, basal and stimulated intramitochondrial [Ca 2+ ], as 
>sessed by targeted aequorin (21), are relatively high corn- 
ered to the concentrations present in the bulk cytosol (22). 



Although this gradient of [Ca 2+ ] between the mitochondrial 
matrix and the cytosol could be partially due to the very 
negative potential of the inner mitochondrial membrane (23), 
the presence of mitochondria in some cellular microdomains 
with high [Ca 2+ ] c has been also demonstrated (22). 

It, therefore, appears that T- and L-type channels might 
play distinct functional roles in glomerulosa cells. T-type 
channels are designed to conduct low amounts of Ca 2+ di- 
rectly to the mitochondria, where the cation can affect key 
steps of steroidogenesis, such as cholesterol transport to the 
inner membrane (24), whereas L-type channels are respon- 
sible for the entry of much larger amounts of Ca 2+ , which 
spreads throughout the cytosol. The role of this cytosolic 
Ca 2+ has not yet been clearly defined and could relate to 
more general cell functions, such as gene expression or cy- 
toskeleton remodeling. However, an excess of cytosolic Ca 2 ^ 
exerts a negative effect on aldosterone biosynthesis (15, 24), 
and this could explain the observed potentiation of the ste- 
roidogenic action of K + by low, L-type channel-specific con- 
centrations c f nifedipine as well as its inhibition by BayK 
8644, as obset vi J by others (15, 16, 25). Indeed, the inhibition 
of aldosterone by BayK 8644 was observed only at K + con- 
centrations greater than 10 mM (not shown) and could, there- 
fore, be only partially attributed to its known inhibitory 
action on T-type channels (26, 27). 

A specific role for various types of channels has been 
clearly demonstrated in the central nervous system, where 
neurotransmitter release is attributed to presynaptic N- and 
P-type Ca 2+ channel activation and is not affected by inhi- 
bition of L-type channels (28). This selectivity has been pos- 
tulated to result from a privileged localization of some chan- 
nels in the membrane, permitting a more efficient supply of 
Ca 2+ to the secretory apparatus. This hypothesis has been 
recently reinforced by the observation that the N-type chan- 
nel strongly binds, in a Ca 2+ -dependent fashion, to syntaxin, 
a membrane protein allowing docking and fusion of synaptic 
vesicles during neurosecretion (29). Interestingly, syntaxin is 
able to modulate by itself the activity of N-type channels (30), 
suggesting considerable cross-talk between N-type channels 
and the synaptic core complex. The possibility of a similar 
'interaction between glomerulosa cell T-type channels and 
some cellular proteins clearly requires further investigation. 

What could be the advantage for glomerulosa cells of 
using specific Ca 2+ pathways for triggering steroidogenesis? 
Firstly, because the main site of Ca 2+ action is localized in the 
mitochondria, a small amount of Ca 2+ entering the cell 
should be sufficient during activation, but this Ca 2+ needs to 
reach its target with a minimal dispersion in the cytosol. 
Secondly, it is now widely admitted that the domain of Ca 2+ 
action in the cytosol is restricted to very limited areas (31), 
its diffusion being prevented by its binding to slowly mobile 
or immobile buffers. Depending upon the distribution of the 
mitochondria within the cell, the presence of a Ca 2+ pipeline 
might, therefore, be an absolute requirement. Finally, in con- 
trast to L-type channels, T-type channels are not subject to 
down-regulation by Ca 2+ (possibly because they are pre- 
served during their relatively longer inactivation phase) and, 
therefore, can maintain a sustained stimulation of steroido- 
genesis during chronic elevation of extracellular potassium. 
The inhibition of T channel activity and aldosterone se-^ , 
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cretion observed upon treatment with phorbol ester is pre- 
sumably due to activation of PKC This action of PKC ap- 
pears to be restricted to T-type channels, because [Ca 2+ J c is 
not affected. However, a definitive proof would require a 
complete evaluation of PMA action on L-type channels. In- 
terestingly, Angll, when added after PMA, markedly re- 
duced [Ca 2+ ] cf suggesting a PKC-independent regulation of 
L-type channels by the hormone, possibly through a GTP- 
binding protein. This confirms our previous observation that 
in adrenal glomerulosa cells, Angll action involves stimu- 
latory as well as inhibitory pathways (13, 32, 34). 

In conclusion, the demonstration that various Ca 2+ chan- 
nels may play distinct roles in the glomerulosa cell stresses 
the need for the development of more specific drugs to ef- 
ficiently and selectively control individual channel functions. 
This approach should be particularly relevant in the treat- 
ment of hypertension, because the dru^s classically used for 
preventing vasoconstriction, such as L -iype channel-specific 
dihydropyridine antagonists, appear to potentiate, rather 
than inhibit, mineralocorticoid secretion. 
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